Introduction
The process of exhumation of continental ultrahigh-pressure (UHP) rocks is not well understood, though several geodynamic mechanisms such as crustal stacking, channel flow, transmantle diapirs, and incorporation within a collisional orogen have been proposed (Gerya et al. 2002 (Gerya et al. , 2004 Faccenda et al. 2008; Behn et al. 2011; Hacker et al. 2011; Vogt et al. 2013; Hacker and Gerya 2013, and references therein) . According to early researchers, UHP rocks such as eclogite are exhumed to the base of the lower crust through the "subduction channel," a wedge-shaped lowviscosity zone along the interface between the subducting slab and the overlying mantle wedge (Cloos and Shreve 1988; Guillot et al. 2001) . Numerical simulations have shown that such a mechanism is relevant in the exhumation of subducted oceanic crust (Gerya et al. 2002) . However, subduction channels are characterized by a thermal 1 3 3 Page 2 of 20 gradient (Gerya et al. 2002; Syracuse et al. 2010) , and previous studies on the Tso Morari UHP rocks of northwestern Himalayas ( Fig. 1) , representing exhumed Indian continental crust, show isothermal decompression in their P-T paths of metamorphism (cf de Sigoyer et al. 1997; Guillot et al. 1997; St-Onge et al. 2013) . Furthermore, the lower pressure conditions of isothermal decompression (see below) do not exist along the top surface of subducting slabs (cf Syracuse et al. 2010) . Thus, P-T paths based on metamorphic equilibria are not consistent with exhumation of the Tso Morari eclogites through a subduction channel. Nevertheless, an isothermal decompression path and exhumation through the subduction channel may be reconciled in terms of fast exhumation rates (e.g., >12 mm/yr, St-Onge et al. 2013) and disequilibrium processes. On the other hand, more recent numerical simulations (Gerya et al. 2004; Behn et al. 2011; Vogt et al. 2013) , petrological modeling , and field evidence (Papua New Guinea, Little et al. 2011) have shown the possibility of exhumation of continental UHP rocks through diapirism within the mantle wedge, or through the formation of a continental collisional orogen (Faccenda et al. 2008) .
Previously determined P-T conditions of metamorphism for the Tso Morari eclogites are widely variable (Fig. 2) . Using mineral thermometers (e.g., GrtCpx Fe-Mg exchange) and barometers (Si-in-phengite, Jd-in-omphacite), de Sigoyer et al. (1997) calculated that the eclogitic garnet cores and rims equilibrated at pressures of 2.0 ± 0.3 and 1.1 ± 0.2 GPa, respectively, at a constant temperature of 580 ± 60 °C, suggesting isothermal decompression. On the other hand, St-Onge et al. (2013) used P-T pseudosection analysis to conclude that their eclogitic garnet cores and rims equilibrated at 2.15 ± 0.15 GPa/535 ± 15 °C and ~2.7 GPa/630-645 °C, respectively, suggesting a P-T increase for the garnet rim growth. Their thermobarometric calculation also suggests that the garnet rims equilibrated at similar conditions of ~2.55 GPa/602-617 °C. The evidence for near-isothermal decompression in St-Onge et al. (2013) comes from the felsic gneisses surrounding the Tso Morari eclogite lenses that yielded a P-T of 1.25 ± 0.05 GPa/690 ± 25 °C (their M3 stage), suggesting that the UHP assemblages decompressed from ~2.7 to 1.25 GPa within a small temperature range of ~60 °C. Thus, the garnet rims in eclogite yield very different P-T results in the two studies.
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Fig. 2 A comparison of P-T paths of metamorphism of the Tso
Morari eclogite in previous studies (S97 , G97-Guillot et al. 1997 , M03-Mukherjee et al. 2003 , S13-St-Onge et al. 2013 . The uncertainties are shown in blue (S97) and gray (S13) rectangles. The isopleths for phengite (Ph) and jadeite (Jd) from S97 and M03 are shown in blue and green, respectively. Note that the positions of the Si-in-phengite isopleths are based on assemblages containing K-feldspar-phlogopite-quartz in S97, and talc-kyanitecoesite in M03. G97 and the < 2 GPa stages of S13 were determined in the metapelites associated with the eclogites. The P-T paths for the Kaghan eclogite (K03- Kaneko et al. 2003) , the kyanite (Ky)-sillimanite (Sil)-andalusite (And) stability limits (Pattison 1992) , the quartz-coesite transition (Bohlen and Boettcher 1982) , and the graphite-diamond transition (Bundy 1980 ) are shown for reference
The different P-T results obtained in the two studies mentioned above may be due to the differences in compositions of the minerals and their zoning patterns in the eclogite samples examined. For example, eclogitic garnet in de does not show a well-defined core and the center-to-rim zoning pattern is gradational. The center is Ca-Fe-rich (Prp 12 Alm 67 Grs 30 Sps 3 ) that smoothly grades into an Mg-rich outer rim (Prp 38 Alm 41 Grs 13 Sps 0 ). On the other hand, the eclogitic garnet in St-Onge et al. (2013) consists of large core domains of nearly constant composition (Prp 7-12 Alm 60-67 Grs 24-30 Sps 3-4 ) and distinct, complexly zoned rims (outer rim: Prp~3 5 Alm~5 0 Grs~1 9 Sps 0 ) that are significantly higher in grossular and almandine, and somewhat lower in pyrope. However, the omphacite compositions in both studies are similar (Jd 41-50 in de Sigoyer et al. 1997, Jd 44-50 in St-Onge et al. 2013) . Thus, the different P-T results in the two studies may be sample-dependent.
An additional difference in the P-T paths presented in the previous studies of the Tso Morari eclogite pertains to a thermal overprint that is commonly attributed to Barrovian metamorphism during the later Himalayan orogeny. Both studies cited above concluded that the Tso Morari UHP rocks experienced a crustal heating episode (610 ± 70 °C at 0.9 ± 0.3 GPa, de ; 725 ± 50 °C at 0.71 ± 0.1 GPa, St-Onge et al. 2013 ) before cooling in the upper crust. However, a third study concluded that the eclogites continuously cooled from ~800-900 °C at 3.3-4.6 GPa to ~400 °C at ~0.4 GPa without any intermediate heating (Mukherjee et al. 2003) . Thus, the presence or absence of the Barrovian overprint may also be sample-dependent.
In this paper, we use thermobarometry as well as P-T-M CO 2 pseudosection analysis to constrain the P-T path of metamorphism of additional hydrous and carbonate-rich samples of the Tso Morari eclogite. Our results show that the eclogites were strongly heated during the early stages of exhumation. The P-T paths determined in this and earlier studies are highly variable, and none of them shows cooling associated with decompression as would be expected if exhumation occurred through a subduction channel. These P-T paths may be explained by exhumation involving a diapiric rise of the eclogitic rocks from the subducted Indian crust through the overlying mantle wedge. Such an exhumation model is also consistent with field evidence.
Geological setting
UHP eclogites are known in the Himalaya only from the northwestern part (the Tso Morari and Kaghan eclogites in northern India and Pakistan, respectively) where the Indian plate collided initially with the so-called Kohistan-Ladakh island arc at 50.1 ± 1.5 Ma (cf Zhu et al. 2005) and finally with Asia ~10 Myr later at 40.4 ± 1.3 Ma (Bouilhol et al. 2013) . The Tso Morari dome hosting the eclogites is exposed in the northwestern Himalayas between the Indus suture zone to the northeast and the Zanskar Tethys Himalaya to the southwest (Fig. 1) . The core of the dome consists of Cambro-Ordovian felsic augen gneisses (Puga Formation) overlain by Cambrian-Devonian quartzites, schists, and conglomerates, which are in turn structurally overlain by Lower Carboniferous-Triassic marine dolomitic marbles and metapelites (Berthelsen 1953; Virdi et al. 1978) . The mafic eclogites are intercalated with the felsic orthogneiss and metasediments and occur as up to tens of meter-thick boudins parallel to the foliation. Coesite inclusions with prominent radial fractures in their host garnet indicate the UHP metamorphic conditions of the eclogites ). The Tso Morari unit is separated from the surrounding rocks by ductile normal shear zones. The northeast dipping Zildat shear zone separates the Tso Morari unit from the low-grade metamorphic rocks of the Indus suture zone and the Early Cretaceous Nidar ophiolite in the northeast, whereas the south dipping Karzog shear zone separates the dome from the less metamorphosed Mata-Karzog unit, and the Karzog and related ophiolites at its southwestern margin (Berthelsen 1953; de Sigoyer et al. 2004; Mahéo et al. 2004; Epard and Steck 2008) . Whole rock and mineral isotope ages of the Tso Morari eclogites (47-55 Ma, de Sigoyer et al. 2000; Leech et al. 2005; St-Onge et al. 2013; Donaldson et al. 2013) are consistent with the U-Pb zircon, allanite, and titanite ages of the Kaghan eclogites (44-50 Ma, Kaneko et al. 2003; Parrish et al. 2006; Wilke et al. 2010) .
The Tso Morari unit shows evidence of three deformation phases (D1, D2, and D3, Thakur 1983; de Sigoyer et al. 2004) . D1 is characterized by steep tight to isoclinal folds (F1) with a subvertical axial plane cleavage (S1) defined by garnet and omphacite in the central part of the unit. The pervasive D2 deformation is characterized by recumbent isoclinal to open folds (F2) and shallow dipping S2-L2 structures. The S2 schistosity is subhorizontal in the central part and steeper near the edges of the dome. S2 is associated with a NW-SE lineation (L2) parallel to the long axis of the Tso Morari dome suggesting horizontal stretching along a NW-SE direction during the D2 deformation. The D3 deformation is mainly localized at the edges of the dome in the Zildat and Karzog shear zones, and its strain relations suggest a subvertical uplift of the Tso Morari dome through the upper crust. The dome geometry of the Tso Morari unit can be attributed to compression during D1 and D2, the main stage of exhumation occurred during D2, and end of exhumation was controlled by D3 (de Sigoyer et al. 2004) .
3 Page 4 of 20 Epard and Steck (2008) proposed a buoyancy-driven extrusion of the Tso Morari unit from a subduction zone in the form of a nappe stack. Boudinage and concentric folding of basaltic dikes hosted within the Cambro-Ordovian gneisses represent a pre-eclogite stage of deformation, whereas three dominant schistosites with W-E oriented (L1), N-directed (L2) and NE-directed (L3) stretching lineations are related to the extrusion of the nappe stack after eclogitization. The last two structural overprints are related to an early N-and a later NE-directed underthrusting of the Indian plate below Asia accompanied by a counterclockwise rotation of India.
Analytical methods
Back-scattered electron (BSE) images, elemental X-ray maps, and chemical compositions of minerals were obtained on a JEOL JXA-8200 Superprobe electron probe micro-analyzer at Massachusetts Institute of Technology, Cambridge, USA. The minerals were analyzed by wavelength-dispersive spectrometry (WDS) using an accelerating voltage of 15 kV, a beam current of 10 nA, and 40-60 s counting times per element. Typical 1σ standard deviation of counts was between 0.5 and 1 %. The raw data were corrected for matrix effects with the CITZAF package (Armstrong 1995) using the φρz method (stopping power, back-scatter corrections and φ(0) from Love and Scott, mean ionization potential from Berger and Seltzer, Heinrich's tabulation of mass absorption coefficients, and Armstrong's modified equations for absorption and fluorescence corrections). Representative analyses of the minerals are shown in Table 1 and Supplementary Tables 1-4 (see  Online Resource) , and all analyses are plotted in Fig. 3 . Texture-specific mineral compositions used in thermobarometric calculations are provided in Table 2 . To estimate the modal abundance of phases, several X-ray maps and BSE images of representative areas of each sample were digitally analyzed and the results were averaged (Table 3) . Ten X-ray maps, five with WDS and five with the energy-dispersive spectrometer (EDS), and a BSE image were collected simultaneously of each area. The bulk compositions were calculated by combining the mineral compositions with their modal abundances. H 2 O was estimated using the difference between the analytical total and 100 for the hydrous phases, and CO 2 was estimated using oxide stoichiometry in the carbonates.
Mineral compositions and texture
Two representative Tso Morari eclogite samples hosted within orthogneiss from the center of the dome, south of Puga (33°10′59.32″ Latitude, 78°21′25.17″ Longitude, Fig. 1 ), LB09-8.1 and LB09-9.3, were studied in detail (Figs. 3, 4, 5, and 6) . These samples are foliated and predominantly comprised of garnet and omphacite (LB09-8.1: Jd 30-50 Aug 50-60 Aeg <15 ; LB09-9.3: Jd 37-60 Aug 40-60 Aeg <10 ; Jd-jadeite; Aug-augite; Aeg-aegirine; Fig. 3 ) porphyroblasts surrounded by thin amphibole (ferropargasite, taramite, and minor gedrite) and/or mica (biotite and phengite) rinds, as well as fine-grained intergrowths of albitic plagioclase, actinolite (Mg# 77), and augite (Aug 88 ) in LB09-8.1 (Fig. 4g) , and biotite (Mg# > 62), pargasite (Mg# 71), and plagioclase (An <23 ) in LB09-9.3. The matrix is dominated by prismatic barroisite, epidote/zoisite, paragonite, phengite (Si 3.4-3.6 pfu), and intergrowths of dolomite-calcite. Both samples are rich in the carbonates, which occupy 5-12 % of the matrix by volume ( Fig. 4c ; Table 3 ). Kyanite and magnesite are present in the matrix of LB09-9.3 in minor amounts, and rutile, apatite, zircon are present in accessory amounts.
The euhedral, 0. (Figs. 5, 6 ). The grossular content decreases and the pyrope content increases sharply at the core-rim boundary. In the garnet rim of LB09-8.1 (Fig. 5 ), grossular shows a gradual increase followed by a small decrease in the outer rim. Pyrope decreases up to the mid-rim, but sharply changes trend to increase toward the outer rim. The garnet rim of LB09-9.3 shows similar but are less pronounced compositional trends (Fig. 6 ). The cores are rich in inclusions ranging from large polymineralic aggregates to small monomineralic inclusions (Figs. 4d, 5b, 6b ). Inclusions are rare in the rims. In LB09-8.1, the contact zone of garnet surrounding the polymineralic inclusions has approximately the same composition as the outer rim of the garnet. Small recrystallized garnet (Prp 27 ) similar in composition to the garnet rim also occurs within the polymineralic inclusions (Fig. 4d) . The other minerals in the inclusions are amphibole, epidote/zoisite, paragonite, phengite, dolomite/ calcite, quartz, rutile, ilmenite, and zircon in the order of decreasing abundance. Silica inclusions with fractures radiating into the host garnet ( Fig. 4e ) possibly contain high-P coesite relics (cf O'Brien et al. 2001; Sachan et al. 2004 ). An omphacite inclusion was found at the core-rim contact of one garnet porphyroblast (Fig. 5b) . The carbonates comprise as much as 14.5 vol% of the inclusions in LB09-8.1. In LB09-9.3, the inclusions within the garnet core are dominated by barroisite, taramite, and pargasite amphiboles with subordinate amounts of zoisite, phengite, Page 5 of 20 3 paragonite, quartz, rutile, ilmenite, and dolomite. Some garnet porphyroblasts contain veins of taramite and biotite connected to the biotite rind outside the garnet (Fig. 6b ). The garnet core shows patchy zoning, but the composition of the contact zones of the garnet with the inclusions is not significantly different from the composition of the rest of the garnet core.
Thermobarometry
The thermobarometer applicable for the garnet + clinopyroxene + phengite + kyanite + SiO 2 assemblage in eclogite (Ravna and Terry 2004) was used to calculate the P-T of equilibrium of the core and rim domains of garnet with the corresponding domains of neighboring omphacite and phengite (Table 2 ; Fig. 7 ). In the absence of kyanite except in the matrix of LB09-9.3, the calculations are based on the garnet-clinopyroxene Fe-Mg exchange thermometer and the garnet-clinopyroxene-phengite barometer. The P-T conditions obtained for the porphyroblast cores in LB09-8.1 and LB09-9.3 are 2.46 GPa and 458 °C, and 2.24 GPa and 480 °C, respectively. The core domains of the garnet and omphacite porphyroblasts are shielded from lower-temperature Fe-Mg exchange during the later stages of metamorphism. Thus, the core domains yield the most reliable P-T estimates assuming that they formed in equilibrium.
The outer rims of the porphyroblasts in LB09-8.1 yielded a P-T of 2.68 GPa and 690 °C; however, this Morimoto et al. (1988) n number of analyses, t total Fe as FeO, c core, r rim, incl inclusion, porph porphyroblast Clinopyroxene plotted according to Morimoto et al. (1988) ; Quadquadrilateral pyroxene components. c, d Amphibole plotted according to Leake et al. (1997) . e, f Epidote-clinozoisite, Fe 3+ calculated according to Armbruster et al. (2006) . g, h Mica Page 7 of 20 3 result may be unreliable because of probable cation transfer between the outer rim and the matrix at lower temperatures. On the other hand, the outer rims of porphyroblasts in LB09-9.3 yielded 2.05 GPa and 547 °C using the garnet-clinopyroxene-kyanite-SiO 2 nettransfer thermometer that is less susceptible to later thermal re-equilibration (Ravna and Terry 2004) . Since such re-equilibration cannot be completely ruled out, we consider 547 °C as the minimum temperature for the rims. Thus, the rims formed at temperatures at least ~70 °C higher than the core with a slight decrease in pressure (~0.2 GPa). The core-rim temperature difference was probably higher if lower-temperature re-equilibration is taken into account.
The P-T conditions of the core-rim interface region of garnet in LB09-8.1 can be constrained from the Table 2 Mineral compositions used in and P-T results of thermobarometry Except for the LB09-9.3 rim, all calculations are based on the Grt-Cpx Fe-Mg thermometer and the Grt-Cpx-Phe barometer. The exception is based on the Grt-Cpx-Ky-Qz thermometer and the Grt-Cpx-Phe barometer. The formulations are from Ravna and Terry (2004) compositions of the garnet outer core and inner rim, and the omphacite inclusion at the interface (Fig. 5b) .
To minimize the effect of lower-temperature re-equilibration on the estimated temperatures, the composition at the center of the ~100-μm-sized omphacite inclusion was considered in the calculations. Core compositions of such grains cooling at moderate rates from peak temperatures of ~700 °C are not expected to change significantly (Fig. 7) . Because some lower-temperature re-equilibration is possible, these temperatures should be considered as minimum. Thus, there is a sharp increase in the equilibrium temperature from ~484 to ≥627 °C across the core-rim interface of garnet.
P-T pseudosection analysis
The P-T paths of metamorphism were additionally determined through P-T and T-M CO 2 pseudosections calculated using fractionation-corrected, effective bulk compositions (Figs. 8, 9, 10, 11, 12, and 13) in the K 2 ONa 2 O-CaO-FeO-MgO-Al 2 O 3 -SiO 2 -TiO 2 -H 2 O-O-C (KNCFMASTHOc) system. The importance of using fractionation-corrected bulk compositions in determining the P-T path has been demonstrated by Konrad-Schmolke et al. (2008) . The calculations were performed with the Perple_X Version 6.6.6 software (Connolly and Petrini 2002) using the updated internally consistent thermodynamic database , the solution models for garnet ), omphacitic clinopyroxene (Green et al. 2007 ), clinoamphibole (Diener et al. 2007 ), phengitic mica (Coggon and Holland 2002, Auzanneau et al. 2010) , biotite (Powell and Holland 1999) , epidote Powell 1998), chlorite (Holland et al. 1998) , plagioclase (Newton et al. 1980) , and melt White et al. 2001) , and the equation of state for H 2 O-CO 2 fluids Powell 1991, 1998) .
Bulk compositions
Three distinct mineral assemblages can be identified in the eclogites (Table 3 ) from textural relations (Figs. 4 , 5, and 6) as discussed below. The early assemblages designated as 8.1A (in LB09-8.1) and 9.3A (in LB09-9.3) include the Ca-Fe-rich garnet cores and the omphacite cores. Other phases such as zoisite, amphibole, Si-rich phengite, and carbonates were probably part of the early assemblage. However, the proportions of the phases cannot be evaluated because they have been chemically re-equilibrated through open system processes during exhumation. On the other hand, the inclusions within the garnet core and the surrounding contact zone of the host garnet may represent a retrogressed version of the original early assemblage, assuming that the original assemblage was metamorphosed within a closed system during the exhumation. Such an assumption may not be correct because eclogitic garnets are known to form atoll structures where the high-P cores become unstable during exhumation and are replaced by lower-pressure minerals through open system processes (Cheng et al. 2007; St-Onge et al. 2013 ). We calculated the bulk compositions of the early assemblages using the mineral compositions and modes of the inclusions within the garnet core (9.3A) in addition to the contact zone of the host garnet surrounding the inclusions (8.1A, Table 3 ). However, we note that the bulk compositions of the early assemblages are not well constrained because we cannot rule out the presence of atoll garnet in these samples. The second assemblage consists of the thick Mg-rich garnet rims, omphacite rims, and the matrix phases (8.1B and 9.3B). This assemblage is the major constituent of the studied samples, and its bulk compositions calculated using mineral compositions and modes are relatively well constrained (Table 3 ). The calculated bulk compositions of both the early and intermediate assemblages resemble H 2 O-and CO 2 -rich high-Ti tholeiitic basalts with 45-48 wt% SiO 2 , 0.6-1.3 wt% H 2 O, and up to 6.5 wt% CO 2 (Table 3) .
The third (late-stage) assemblage includes thin reaction rinds and fine-grained intergrowths surrounding the garnet and omphacite porphyroblasts (8.1C and 9.3C). The bulk compositions of these assemblages calculated using their corresponding mode and mineral compositions are andesitic (53-60 wt% SiO 2 , Table 3 ). These bulk compositions are markedly different from the tholeiitic compositions of the early and intermediate assemblages. This is because the bulk compositions of 8.1C and 9.3C are for Early metamorphic stage A The calculated P-T pseudosection for 8.1A (Fig. 8) shows that the analyzed omphacite cores (Aug >50 Jd >45 ) in sample LB09-8.1 are stable along with epidote, mica, ilmenite, rutile, quartz, and carbonates at 2.2-2.3 GPa and 400-425 °C. For sample LB09-9.3, the center of the analyzed garnet core (Prp <20 Grs >30 , Fig. 6 ) also plots approximately at 2.2-2.3 GPa/400 °C in an assemblage field that contains omphacite, amphibole, epidote, mica, ilmenite, rutile, kyanite, and quartz (pseudosection for 9.3A, Fig. 9a,b) . The calculated assemblages also include lawsonite in LB09-8.1, and talc and chlorite in LB09-9.3. These phases presumably have not survived the intermediate heating stage (see below) and have been replaced by phases such as epidote/zoisite, amphiboles, and quartz during the later stages. Interestingly, although these P-T results are based on poorly constrained bulk compositions, they are closely similar to the P-T conditions of 2.2-2.5 GPa and 458-480 °C for the porphyroblast cores obtained from thermobarometry.
Furthermore, the observed compositional variation in the garnet core of LB09-9.3 (Fig. 6 ) matches the calculated variation between ~2.2 GPa/400 °C and ~1.8 GPa/650 °C (Fig. 9b) , and the analyzed garnet core (Prp >6 Grs <33 , Fig. 5 ) in LB09-8.1 also equilibrated along this same general P-T trajectory (~1.6-1.9 GPa, >550 °C, Fig. 8) . Thus, the P-T path between 2.2-2.3 GPa/400-425 °C and ~1.8 GPa/650 °C characterizes the early metamorphic conditions for 8.1A and 9.3A and indicates a heating trend with a decrease in pressure. Two hypothetical P-T paths, one showing isobaric heating followed by isothermal decompression (Path I) and the other showing isothermal decompression followed by isobaric heating (Path II), fail to reproduce the garnet core compositions (Grs and Prp for Path I, and Grs for Path II, Fig. 9b, c) .
Intermediate metamorphic stage B
The calculated pyrope and grossular compositional isopleths matching the analyzed Mg-rich garnet outer rim (Prp 24.5-25.5 Grs 25.5-26.0 , Fig. 5 ) in sample LB09-8.1 approach, but do not intersect at ~1.6 GPa/720 °C in the pseudosection for 8.1B (Fig. 10) . However, a T-M CO 2 pseudosection at 1.8 GPa for 8.1B shows that the relevant isopleths intersect between 670 and 690 °C with a slightly lower (~5 mol%) CO 2 (Fig. 11) than that estimated for 8.1B (~7 mol%), and the calculated assemblage contains garnet, omphacite, mica, zoisite, rutile, quartz, carbonates, and a small amount of melt. Furthermore, for sample LB09-9.3, the isopleths matching the garnet outer rim (Prp >30 Grs <17 , Fig. 6 ) intersect at ~1.8-1.9 GPa and ~690-720 °C in an assemblage field that also contains omphacite, mica, kyanite, rutile, quartz, carbonates, and minor melt (pseudosection for 9.3B, Fig. 12 ). All the minerals in the calculated assemblages in these pseudosections (Figs. 10, 11, 12) are observed in the samples. Amphibole observed in the samples was probably stabilized at lower pressures as indicated by the pseudosections. Notably, plagioclase is absent in both the observed and the calculated assemblages-the pseudosections show that plagioclase is stable below 1.6-1.7 GPa at 675-750 °C-indicating that the intermediate assemblages equilibrated at pressures >1.6 GPa. We thus conclude that the carbonate-rich 8.1B and 9.3B assemblages equilibrated at 1.8-1.9 GPa and ~670-720 °C during the intermediate stage of metamorphism. In P-T space, these P-T conditions approximately plot on an extension of the P-T path for the early metamorphic stage along the same direction. Thus, the early-to-intermediate P-T path of metamorphism is characterized by heating (from ~425 to ~720 °C) accompanied by decompression (from ~2.3 to ~1.8 GPa). This result is consistent with the ~484 to ≥640 °C temperature increase at 2.4-2.3 GPa pressures Table 2 and the thermobarometric formulations of Ravna and Terry (2004) . The sample names LB09-8.1 and LB09-9.3 are shortened as 8.1 and 9.3. The abbreviations for mineral domains are as follows: c core, oc outer core, ir inner rim, and r rim. The rectangles depict the uncertainties in P (±0.32 GPa) and T (±82 °C) recommended in the above study. The arrows indicate core-to-rim heating trajectories (see text)
Fig. 7 Equilibrium P-T estimates using the mineral compositions in
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In the P-T pseudosections for the 8.1B and 9.3B (Figs. 10, 12) , we have used the melt solution model in the calculations. Although the melt solution model was devised for pelitic bulk compositions, we have used it to avoid high-T metastable equilibria. Because of the possibility of melting at high-T (>715 °C at c. 1.6-1.7 GPa), pseudosections computed without considering the melt model may lead to metastable equilibria in eclogites (Štípská and Powell 2005) . Our calculations for 8.1B show that there is only incipient melting at these P-T conditions, and the equilibrium T increases by ~10 °C at the same pressure when the melt model is not used. This temperature difference is within the uncertainties of the estimated temperature range for the intermediate metamorphic stage.
Late metamorphic stage C The pseudosections for 8.1C and 9.3C constrain the P-T conditions of the late metamorphic stage (Fig. 13) . The analyzed actinolite (Mg# 77) and augite (Aug 88 ) are stable along with albite at ~0.8 GPa/605-620 °C for 8.1C (Fig. 13a) , and the analyzed biotite (Mg# 62) and plagioclase (An 23 Fig. 7 ). The quartz-coesite transition (Bohlen and Boettcher 1982) is shown in a (Amp amphibole, Mica phengitic mica, lws lawsonite, and arg aragonite; the abbreviations for the solid solutions start with a capital letter) 9.3C (Fig. 13b) . Thus, the late assemblages crystallized between the P-T conditions of ~0.8 GPa/605-620 °C and 0.40-0.45 GPa/450-470 °C.
Discussion
Our P-T results from thermobarometry are based on the presence of the garnet + clinopyroxene + phengite ± kyanite + SiO 2 assemblage and are independent of the bulk compositions of the samples. On the other hand, the results based on pseudosections depend on the choice of bulk compositions, and these are not well constrained for stage A. Also, our interpretations of the pseudosections are primarily based on a comparison of the observed compositional variations in the minerals and the calculated mineral composition isopleths. Although the calculated assemblages broadly resemble the observed assemblages, we have not attempted to match them because the original assemblages have been modified through heating, decompression, and cooling during the exhumation of the eclogite. Preservation of the early appearing phases such as lawsonite and chlorite is unlikely because eclogites transit through large pressure and temperature gradients Obs. Grt outer core
Obs. Grt rim Fig. 9 P-T pseudosection for the bulk composition of 9.3A. a Phase stability limits. b Garnet composition isopleths, the inferred P-T path (bold dashed line) and two hypothetical P-T paths for the garnet core. The analyzed average composition of the central part of the garnet cores approximately plots in the purple-shaded region and the compositional variation along the P-T path is consistent with the compositional trend analyzed in the garnet core. The P-Ts of cores and rims obtained from thermobarometry are shown by stars (see Fig. 7 ). The calculated garnet composition in the large red-shaded region approaches the analyzed composition of the garnet rim which is better modeled in Fig. 12 using the bulk composition of 9.3B. c Comparison of analyzed (thick, gray dashed line) and calculated garnet compositions along the modeled (thick, black dashed line) and two hypothetical P-T paths (thin, black dashed lines) from the center to the outer part of the garnet core. Of the three P-T paths shown in (b), the modeled path provides the closest fit, whereas both Paths I (for Grs and Prp) and II (for Grs) fail to reproduce the garnet core compositions (Chl chlorite and mag magnetite) during their exhumation. In spite of these uncertainties in our pseudosection approach, both the thermobarometry and the pseudosection analysis methods indicate that the garnet inner cores formed at ~2.2-2.5 GPa and ~400-480 °C, and there is a core-to-rim heating trend with a modest decrease in pressure (Figs. 7, 14a) . As mentioned earlier, the P-T results for the garnet rims may depend on their composition in the studied sample; StOnge et al. (2013) obtained ~2.7 GPa and ~640 °C, whereas de Sigoyer et al. (1997) obtained 1.1 GPa and 580 °C. Our estimated pressures of 1.8-1.9 GPa are intermediate between the pressures in the two above studies, whereas our temperature estimates of 670-720 °C are higher. Our garnet rim zoning patterns are significantly different from those in St-Onge et al. (2013) . Our garnet grains show a sharp decrease in grossular and a sharp increase in pyrope at the core-rim boundary (e.g., LB09-8.1, Fig. 5 ), similar to a garnet grain analyzed by Konrad-Schmolke et al. (2008, their Fig. 2b, profile 2) . Within the rim, grossular increases gradually to Grs~2 5 in the outer rim. Pyrope decreases up to the mid-rim, but increases to Prp~2 5 in the outer rim. In contrast, the garnet rim profile in St-Onge et al. (2013) shows continuity with the core profile. Grossular decreases gradually to mid-rim and levels off at Grs~1 9 in the outer rim. Pyrope is somewhat constant in the inner rim, but increases gradually to Prp >33 in the outer rim. Thus, compared with the garnet outer rim in this study (Grs~2 5 Prp~2 5 ), the garnet outer rim in St-Onge et al. (2013) has a lower grossular content and a much higher pyrope content.
To consider the effect of bulk composition on our P-T estimates from pseudosection analysis, we plotted our garnet compositions on the pseudosection computed by St-Onge et al. (2013, their Fig. 11 ). The garnet core of LB09-8.1 plots at 2 GPa and 520 °C, whereas the rim plots at two P-T values of 2.3 GPa/620 °C and 1.8 GPa/675 °C on their diagram (see Fig. 14a ). The dual solution for the rim is probably due to the effect of bulk composition. With our relatively wellconstrained bulk compositions for stage B (8.1B and 9.3B), we obtain only one P-T result that is similar to the lowerpressure solution. Interestingly, however, the 2 GPa/520 °C (core) and 1.8 GPa/675 °C (rim) points are fully consistent with the P-T path obtained from our pseudosection analysis. Thus, the observed core-to-rim temperature increase seems to be a robust result and independent of the chosen bulk composition. Based on our results from thermobarometry (with one exception) and pseudosection analysis, as well as comparing our garnet compositions with the pseudosection in St-Onge et al. (2013) , we prefer a model of heating from ~425 to ~720 °C as the pressure decreased from ~2.3 to ~1.8 GPa during metamorphism from stage A to stage B (Fig. 14a) . The only exception is the 2.7 GPa and 690 °C thermobarometric result for the outer rims in LB09-8.1. This result is similar to the P-T of rim determined by St-Onge et al. (2013) , but it is unreliable as it may be compromised due to cation transfer at lower P-T and is not supported by our pseudosection results for stage B.
Our P-T path of metamorphism for the Tso Morari eclogite has some differences with the paths in all of the previous studies (Figs. 2, 14a) . The pseudosection for 8.1A shows that the highest Si contents in phengite are in the high-P/low-T part of the diagram (Fig. 8d) , and we see no evidence for >4 GPa pressures on the basis of Si content of phengite as calculated for a talc-kyanite-coesite-bearing assemblage by Mukherjee et al. (2003) . Such ultrahighpressures remain unconfirmed because diamond has not been observed in the Tso Morari eclogite (cf Mukherjee and Sachan 2004) . Compared to the results of St-Onge et al. (2013) , it is noteworthy that our P-T estimates for stage B overlap with their P-T path between 2.7 and 1.25 GPa, and our stage B temperature overlaps with their garnet equilibration temperature of 690 ± 25 °C for the Puga gneiss (Fig. 14a) . Our P-T path below 0.8 GPa is also similar to those shown in de Sigoyer et al. (1997) , Guillot et al. (1997), and Mukherjee et al. (2003) (Fig. 14a) . But we do not see a Barrovian overprint on the eclogitic textures. This is possibly because the UHP eclogites in this study cooled from a higher temperature than the highest temperature attained during the Barrovian metamorphism.
Time interval for the intermediate heating stage
We have used the Ca zonation in garnet showing a sharp concentration decrease across the core-rim interface to We calculated the residence times for the eclogites at high temperature to retain the earlier formed Ca concentration profile across the core-rim interface without significant flattening using the formulations for effective diffusion coefficient of Ca in Ca-Mg-Fe garnet (Chakraborty and Ganguly 1992) , constants for self-diffusion coefficients of Ca, Fe, and Mg in garnet based on experimental data (Ganguly et al. 1998) , and the equation for elemental diffusion (Crank 1975 Kaneko et al. 2003; Parrish et al. 2006; Wilke et al. 2010 ) exhumation rates estimated for the northwestern Himalayan eclogites.
Exhumation model
In Fig. 14a , we compare the P-T path of metamorphism of the Tso Morari eclogite from this and other studies with thermal models of the globally active subduction zones (Syracuse et al. 2010 ). All existing P-T constraints for the Tso Morari eclogitic rocks are at odds with the classical model of exhumation through the subduction channel (cf Cloos and Shreve 1988; Guillot et al. 2001; Gerya et al. 2002) , or as a part of a developing collisional orogen (purple-shaded region, Faccenda et al. 2008) . The initial P-T conditions of ~2.3 GPa and 400-425 °C (Stage A) are consistent with the thermal conditions inferred for slab surfaces and indicate that UHP metamorphism occurred in the subducting slab. In contrast, the ~1.8 GPa/700 °C conditions of the intermediate stage (Stage B) are higher in temperature than the surface temperatures of even the hottest (shallowest) slab at the same pressure. Interestingly, although the paths from previous studies cover a wide range of P-T conditions, the <2 GPa results for isothermal decompression also plot in the higher temperature side of the surface conditions for the hottest slab (Fig. 14a) . Recent numerical simulations and geochemical and petrological modeling (Gerya et al. 2004; Behn et al. 2011; Hacker et al. 2011 ) have demonstrated the feasibility of diapirs of low-density crustal rocks rising from the subducting slab through the mantle wedge, and the P-T path in this study is similar to the numerically simulated lower-temperature P-T paths of translithospheric diapirs ascending through the mantle wedge (light red-shaded region, Vogt et al. 2013 ). Hacker and Gerya (2013) have reviewed the expected geological characteristics of UHP terranes exhumed by different exhumation mechanisms (see their Table 1 ). Transmantle diapirs of 10-20 km radius are characterized by rapid ascent and a radially symmetric dome structure without a basal fault. The Tso Morari dome matches these features remarkably well. We thus conclude that the Tso Morari eclogite was possibly exhumed through the mantle wedge (Fig. 14b) . The temperatures recorded due to transient heating within the mantle wedge may be lower than the temperature of the surrounding mantle through which the diapir ascended. Furthermore, the temperatures within the different parts of the diapir may be different because of differential heating from different directions, though internal convection may tend to homogenize the temperature differences. We consider it possible that the wide range of temperatures recorded at intermediate pressures in the Tso Morari eclogite as found in this and previous studies reflects variable re-equilibration of the high-pressure metamorphic assemblages due to transient heating during exhumation through the mantle wedge. The calculated densities of the Tso Morari ortho-and para-gneisses are 100-300 kg/m 3 less than mantle wedge peridotites at ~2.5 GPa. If we assume that the Tso Morari dome is a 2-km-thick flattened diapir of 40-60 km diameter (average size of the exposed dome), a density difference of 200 kg/m 3 , and low mantle viscosities between 1.7 × 10 19 and 5.0 × 10 19 Pa s (cf Billen and Gurnis 2001), we can estimate the terminal Stokes velocities of ascent of an originally spherical diapir of the same volume (17-22 km diameter) as 29-147 mm/yr, which is comparable to the exhumation rates of Kaghan UHP rocks in northern Himalaya (cf Parrish et al. 2006; Wilke et al. 2010) . Accordingly, the diapir would require 0.4-1.8 Myr to rise from 83 to 30 km depths (2.5 to 0.5 GPa). In the absence of precise geochronological data for the different metamorphic stages in our samples, the first-order exhumation rates for the Tso Morari eclogites calculated above should be considered as averages. However, it is likely that exhumation from stage A to stage B was very fast, so that a gradual compositional change could not develop between the core and rim of garnet during formation of the rim. As mentioned above, the residence time of the diapir within the hot region of the mantle wedge was very short (0.03-0.09 Myr), otherwise the step-like compositional profile across the core-rim boundary would have been efficiently flattened by cation diffusion at high temperatures. Hence, the time interval for exhumation from stage B to stage C was probably the longest. The exhumation of the Tso Morari eclogites probably started shortly after the Indian plate collided with the so-called Kohistan-Ladakh island arc at 50.1 ± 1.5 Ma (cf Zhu et al. 2005) , and geochronological data in de Sigoyer et al. (2000) suggest that they had reached amphibolite facies conditions of ~0.9 GPa by ca. 47 Ma and upper crustal conditions of <0.5 GPa by ca. 30 Ma. Thus, our conclusions regarding the exhumation rates are consistent with the available geochronological data.
We thus propose that ascent of UHP rocks as diapir through the mantle wedge is a viable mechanism to explain their fast exhumation in accordance with the exhumation mechanism proposed for the UHP rocks of Papua New Guinea (Little et al. 2011) . We conclude that the Tso Morari (Syracuse et al. 2010) . Segments of the P-T path in this study: open red boxes P-T of garnet core (stage A), solid red boxes P-T of garnet rim (stage B), blue boxes P-T of plagioclase-actinolite-biotite (stage C). Red rectangles P-T estimates from pseudosections (dashed borders represent minimum uncertainties). Bold arrows depict heating trajectories from core to rim of minerals from thermobarometry (Fig. 7) . Also shown for comparison are the range of numerically simulated P-T paths of slab crust exhumed as part of a collisional orogen (purpleshaded region, Faccenda et al. 2008 ) and as partially molten translithospheric diapirs through the mantle wedge (light red-shaded region, Vogt et al. 2013) , P-T paths from earlier studies (see Fig. 2 ), and P-T conditions of garnet in this study (solid diamond core, open diamond outer rim; note dual solution for the rim) using the isopleths of StOnge et al. (2013) . b Cartoon showing Indian crust subducting under the Kohistan-Ladakh arc and the exhumation of Tso Morari eclogite by diapiric ascent through the mantle wedge (Path I) compared with exhumation through a subduction channel (Path II) eclogites represent the remnants of a diapir that originated in the subducting slab after UHP metamorphism and likely ascended through the overlying mantle wedge, thereby recording a short-lived transient heating event (Fig. 14b) . The Tso Morari diapir impinged under the lower crust of the overriding plate in early Eocene and was subsequently incorporated within the Himalayan nappe stack. This model explains the presence of ophiolite remnants all around the Tso Morari dome, especially at its southwestern periphery (Fig. 1) .
